Summary: Morphological study of the muscles of the lower extremity is necessary for the analysis of the muscular function and its relation with locomotion. In this study, the muscle weight of the lower extremities from 11 adult Japanese cadavers (6 males and 5 females, aged from 50 to 91 years old) were measured. The morphological characteristic of the human lower extremity is discussed based on the relative muscular weight. The largest muscles were the gluteus maximus (the extensor at the hip joint), the vasti muscles (the extensor at the knee joint) and the soleus (the plantarflexor at the ankle joint). These results reveal that the muscles acting on one joint are developed in the human lower extremity and that these muscles have important roles in human locomotion.
The locomotion patterns of primates are various, ranging from quadrupedalism to brachiation, knucklewalking, and bipedalism, and the muscles of the lower extremity exhibit the morphological features unique to the distinctive locomotion pattern. The characteristic of the human locomotion is erect bipedalism. To elucidate the evolution of human locomotion and the process of the acquisition of the bipedal walking, many studies have been performed by the morphological or the electrophysical method on the muscles of the lower extremities in humans and other primates. The observation of the muscle architecture (origin and insertion), the measurement of the muscle weight, and the analysis of the muscle fiber composition (fiber numbers, size and type) have all been carried out in morphological studies. In these studies, an attempt was made to analyze the functional characteristics of the lower extremity muscles in relation to the locomotion pattern. The muscle weight of the lower extremity in Japanese individuals was measured by Endo (1937) . Kimura and Takai (1970) and Ishida (1972) referred to his data in their comparative anatomical studies based on the relative muscle weight. Endo, however, examined only 4 Japanese cadavers (2 males and 2 females). In the present study, the muscle weight of the human lower extremity was measured, including the relative muscle weight and the morphological characteristics of the human lower extremity muscles were compared with the locomotion pattern.
Material and Method
Eleven adult Japanese cadavers (6 males and 5 females, ranging in age from 50 to 91 years old) that were supplied for dissection practice at the Showa University School of Medicine were used in this study. Table 1 shows, for each cadaver, the dissected side, age, body weight and total muscle weight in the lower extremity. As the cause of death, neuromuscular disease was not suspected in any of them. All cadavers were fixed by intravascular perfusion through the bilateral femoral arteries with 10% formalin solution. Dissection of the lower extremity was carried out unilaterally in each cadaver. The muscles were separated at the origin and insertion, and the tendon was cut at the myotendon junction. After removal, the muscle weight was measured on a chemical balance to the nearest 0.01 g and the following percentages were calculated; the weight percentage for each muscle to the total muscle weight of the lower extremity, sand the weight percentage of the segmental muscles at each of the hip, knee and ankle joints.
This work was supported in part by a grant-in-aid for scientific research (06304009) from the Ministry of Education, Science and Culture of Japan. 
Result
The mean relative weight percent for each muscle is summarized in Table 2 . The gluteus maximus showed the largest weight percent (12.83%) and the plantaris (0.11%) the smallest. These results did not show any marked variation among individuals or with aging or sex. The hip, thigh, leg, and foot muscles accounted for 30.44% , 46.87% , 20.34% and 2.40% , respectively of the total muscle weight of the lower extremity. Figure 1 shows the weight percentage of each functional segment at each joint. At the hip joint, the extensor muscles were the heaviest (37.7%), followed by the adductors (22.5%), flexors * Total muscle weight of the lower extremity Among the active muscles at the hip joint, the gluteus maximus (an extensor) was the heaviest. At the knee joint, the extensors accounted for 63.3% of the total weight, and the quadriceps femoris was the heaviest extensor. At the ankle joint, the plantarflexors (76.3%) were markedly heavier than the dorsiflexors (23.7%). Of the plantarflexor muscles, the soleus was the heaviest.
Discussion
There is no marked difference between the results found in the present study and those reported by Endo (1937) . The heaviest muscle at each joint in the human lower extremity was the gluteus maximus (an extensor) at the hip joint, the quadriceps femoris (an extensor) at the knee joint, and the soleus (a plantarflexor) at the ankle joint. The development Table 3 . Functional indices for lower extremity * Ratio of muscle weight ** Crab-eating monkey (Kimura and Takai , 1970) of these muscles reveal the distinctive features of the human lower extremity unique to the human locomotion pattern.
Some functional indices for these muscles have been compared in humans and crab-eating monkeys (Kimura and Takai, 1970) (Table 3 ). The human gluteus maximus is characteristically larger compared to the gluteus medius than that in the monkey and there is an inter-species structural difference for this muscle. The gluteus maximus/iliopsoas ratio, which indicates the extensor function at the hip joint, is markedly larger than in humans. Stern (1972) observed the attachment and structure of gluteus superficialis (gluteus maximus) in monkeys and humans, and confirmed the morphological specialization of the human gluteus maximus at its more cranial portion. The development of the gluteus maximus contributes to the full extension and the stabilization at the hip joint during human locomotion. This feature is thought to be a most important characteristic of human bipedalism.
The femoral extensor/flexor ratio, indicating the extensor function at the knee joint, is much larger in humans than in any other primate except the gibbon, in which it is approximately 400 (Tappen, 1955) . The strong extensor function at the knee joint in the gibbon is due to the specialized upright locomotion of the gibbon involving the brachiation and the bipedal locomotion in the arboreal life. In the human thigh, the quadriceps femoris, especially the vasti muscles, are markedly developed. The large vasti muscles, which are muscles acting on one joint (the knee joint), provide the strong extensor power needed during human bipedal walking. Analysis by the myofibrous organization revealed that the muscle fiber size of the vasti muscles is larger than that of the rectus femoris, a two-joint muscle within the quadriceps femoris group (Kobayashi, 1991). The hamstring muscles are less wsQiight percentage in humans than in monkeys and this difference is due to the development of the biceps femoris in monkeys. Biceps femoris, however, shows morphological variation among primates. Humans, apes and prehensile-tailed cebids have a biceptal biceps femoris muscle while the other monkeys have a monoceptal ischiocrurali lateralis muscle (Hamada, 1985) . Biceps types, which have about 3-4% relative weight, have the lower weight percentage than monoceptal types, which have above 10% relative weight (Ishida, 1972) . The hind limbs of quadrupeds containing monkeys act as "propulsive lever" (Haxton, 1947) and for this mechanical reason, the strong extensor muscles, particularly the biceps femoris which has the distal expansion of the crural insertion, at the hip joint are required. However, the crural part of the biceps femoris in Japanese monkey contributes to the postural adjustment rather than the propulsive force (Kumakura, 1989a) . It was shown that the morpholoOcal differences for the biceps femoris are correlated with the locomotion pattern in some primates (Kumakura, 1989b) . The human hamstring muscles, especially the semimembranosus and biceps femoris longus, contribute to the postural adjustment, and not to the production of the propulsive force during locomotion. The myofibrous organization of the semimembranosus and biceps femoris longus is the most well developed of the human hamstring muscles (Oohara, 1991) . Among the other femoral muscles, the adductor muscles at the hip joint are less weight percentage in humans than in monkeys. At the hip joint, monkeys keep the flexed and abducted position during locomotion, so that the predominance of the adductor muscles are required to stabilize the hip joint.
Of the triceps surae, the soleus is heavier than gastrocnemius in humans while the gastrocnemius and plantaris are heavier in the monkeys. The human soleus is considered a specialized muscle in terms of its origin, expansion to the tibia and the muscle fiber architecture, especially the existence of the bipenniform part. Kumakura and Inokuchi (1991) noted that the soleus is specialized for muscle force production and the gastrocnemius for rapid joint motion at the ankle joint. The large mass of the human soleus must be a requirement for the production of the stronger force required during human locomotion. The human soleus shows the largest muscle fiber size of any human skeletal muscle, and there were characteristic differences between the human and monkey of the soleus and gastrocnemius lateralis (Kataoka, 1989) . The specialization of the human soleus muscle is apparent not only from its external features but also in terms of its nerve supply and the intramuscular distribution of nerves (Sekiya, 1991) . The large muscle fibers and the presence of the bipenniform part (the partio anterior) and the tibial origin in human soleus contribute to the production of the powerful force for the plantarflexor at the ankle joint. These characteristics have been understood as the results of erect posture and bipedal walking and of the antigravity muscle function. Of the leg muscles, the plantarflexors are more predominant in the weight percentage in humans than in monkeys. In the human locomotion, the lower limb acts as propulsive strut, for which the strong ankle flexors are more important than monkeys, of which the hind limb acts as propulsive lever. The developed flexor digitorum fibularis in the monkey supports the plantarflexor at the ankle joint and parallels the superior grasping ability by the big toe compared to the human toe. Haxton (1947) and Ishida (1972) showed that the muscles affecting one joint (gluteus maximus, vasti muscles and soleus) are large in humans, while in the monkeys, those acting on two joint (biceps femoris) are large. The one joint muscles of the lower extremity contribute to human locomotion, essentially, by a pattern in which the larger muscles control the more important role of motion at the joint (Grand, 1968) . Further analysis of the muscle fiber composition (fiber numbers, size and type) is needed to discuss the relationship between the morphological features of the lower extremity muscles and the locomotion pattern.
